The abundance of phenolic compounds (including anthocyanins) in leaves is associated with photosynthetic performance, but the regulatory mechanism is unclear. Schima superba Gardn. et Champ. and Cryptocarya concinna Hance., which exhibit distinct anthocyanin accumulation patterns, are dominant tree species in the early-and late-successional stages, respectively, of subtropical forests in China. RNA-seq and analyses of phenolic concentrations, antioxidant capacity and photosynthetic characteristics were performed on young and mature leaves of these two species under contrasting light conditions. The high-light-acclimated young leaves of S. superba and C. concinna and low-light-acclimated young leaves of C. concinna were red. These red leaves had higher ratios of electron transport rate to gross photosynthesis (ETR:P gross ) and total antioxidant capacity to chlorophyll (TAC:Chl) than did the green leaves, regardless of light conditions. In addition, the red leaves had a higher expression level of the UDP-glucose:flavonoid 3-Oglucosyltransferase (UFGT) gene than did the green leaves, irrespective of light conditions. Total antioxidant capacity was positively correlated with flavonoid content in C. concinna leaves and with total phenolic content in leaves of both species under both high and low light. Consistent with the measurements of photosynthetic performance and flavonoids:Chl ratio, photosynthesis-related genes were extensively downregulated and flavonoid-pathway-related genes were extensively upregulated in young leaves relative to mature leaves. Under high and low light, both non-photochemical quenching and TAC:Chl, which serve as different types of photoprotective tools, were enhanced in young leaves of S. superba, whereas only TAC:Chl was enhanced in young leaves of C. concinna. Our results indicate that the biosynthesis of phenolic compounds in young leaves is likely enhanced by an imbalance between photosynthetic electron supply and demand and that flavonoids play a larger role in meditating photoprotection in late-successional species than in early-successional ones.
Introduction
Phenolic compounds, including flavonoids, anthocyanins and phenolic acid derivatives, are one of the most abundant classes of natural antioxidants. They are synthesized mostly in chloroplasts or the cytoplasm via the phenylpropanoid pathway (Santiago et al. 2000 , Boudet 2007 , Khoddami et al. 2013 . These compounds serve multiple functions in plant organs (Treutter 2006) , including defense against insect attack and infection by disease agents such as fungi, bacteria and viruses (Nicholson and Hammerschmidt 1992 , Aziz et al. 1998 , Lee et al. 2004 , Báidez et al. 2007 , Eyles et al. 2010 , Daglia 2012 , protection of DNA against oxidative damage (Sestili et al. 2002, Agati and Tattini 2010) and reduction of photooxidative damage to photosystems (Winkel-Shirley 2002, Zhao and Zou 2002) . Several studies have demonstrated the upregulation of phenolic compounds in photosynthetic organs under high light (Hughes et al. 2005 , Vanderauwera et al. 2005 , Karageorgou and Manetas 2006 ). This phenomenon is consistent with the assumption that phenolic compounds play a part in protecting leaves from photooxidative damage. Phenolic compounds can alleviate photooxidative stress by limiting reactive oxygen species (ROS) in chloroplasts by directly neutralizing ROS (Rice-Evans et al. 1996 , 1997 or by reducing their formation. The latter is accomplished either by chelating transition metal ions (Mira et al. 2002) or by attenuating the flux of damaging solar wavelengths (Neill and Gould 2003 , Hughes et al. 2005 .
In subtropical evergreen forests, light is the key factor driving the replacement of light-demanding tree species (e.g., Schima superba Gardn. et Champ.) with shade-tolerant tree species (e.g., Cryptocarya concinna Hance.) (Zhang et al. 2012 ). This plant succession occurs because shade-tolerant species can achieve seedling regeneration in the shady understory by using the scarce light resources (e.g., lightflecks) more efficiently than can light-demanding species (Zhang et al. 2012 ). Such differences in photosynthetic characteristics between early-successional (light-demanding) species and late-successional (shade-tolerant) species affect their photoprotective strategies (Zhang et al. 2015 , Zhu et al. 2016 . In the dominant trees of subtropical forests, two tendencies in phenolics have been reported: phenolic content relative to chlorophyll content is greater in young than mature leaves and in late-successional than early-successional species . These tendencies in relative phenolic content are opposite to those of photosynthetic capacity and photosynthetic electron transport rate, suggesting that the regulatory mechanism controlling phenolic content is associated with photosynthetic electron transport. However, the mechanism by which photosynthetic electron transport regulates phenolic content in the photosynthetic organs remains unclear.
The increased levels of phenolic compounds in young leaves relative to mature leaves are consistent with the hypothesis of photoprotection because young leaves have a greater requirement for photoprotection than do mature leaves. This greater requirement is due to several factors, including an immature chloroplast structure (Krause et al. 1995 , Dodd et al. 1998 , Choinski et al. 2003 , Li et al. 2015 ) and a reduced utilization ability of absorbed photons in the photosynthetic apparatus , Ranjan et al. 2014 . In evolutionary terms, the greater phenolic content in late-successional species than in early-successional species is also consistent with the hypothesis of photoprotection because late-successional species can benefit more from using phenolic compounds as a photoprotective strategy than from using other substances with fewer functions, such as carotenoids. As photosynthetic efficiency is low in late-successional species, in accordance with an assumed tradeoff between photoprotection and growth (Mazza and Ballaré 2015) , late-successional species can be expected to use economical photoprotective mechanisms to maintain a rapid growth rate. Such a tradeoff between photoprotection and growth has been shown in a green alga (Fischer et al. 2010) .
Anthocyanins, a phenolic pigment that can cause leaves to be red, accumulate in the young leaves of most dominant species in subtropical forests. Anthocyanins have an absorption peak at 450-550 nm, which indicates that they screen against visible solar wavelengths (Neill and Gould 2000 , Feild et al. 2001 , Steyn et al. 2002 . In many cases, the accumulation of anthocyanins in leaves is accompanied by the upregulation of total phenolics (Karageorgou and Manetas 2006 , Marin et al. 2015 , indicating that anthocyanins and other nonpigmented phenolic compounds might share the same pattern of induction. Although anthocyanins have antioxidative activity, their content in young red leaves was found to represent less than 5% of the total flavonoid content in a typical subtropical tree species (Zhu et al. 2017 ). This finding implicates that anthocyanins might play a specific role (e.g., light attenuation) in leaves during development that is different from that of nonpigmented phenolic compounds.
Anthocyanin pigment accumulation patterns in developing leaves vary among plant species in subtropical forests. In the lightloving species S. superba, anthocyanins tend to accumulate in young leaves exposed to high light. In the shade-tolerant species C. concinna, however, anthocyanins tend to be accumulated in young leaves exposed to a wide range of light intensities . Schima superba and C. concinna are relatively earlyand late-successional species in low subtropical forests in South China Wang 1994, Zhu et al. 2013) . Here, we used these two typical subtropical evergreen trees to explore how photosynthetic performance is associated with the regulation of phenolic content in young leaves. We analyzed phenolic content, photosynthetic characteristics and gene expression profiles (based on RNA-seq) in young and mature leaves of S. superba and C. concinna to test two hypotheses: (i) as phenolic compounds can serve a photoprotective role, the increased phenolic content in young leaves is associated with a reduced demand for photosynthetic electrons in these leaves; and (ii) if late-successional species use phenolic compounds as an economical photoprotective strategy under a wide range of light levels, the contribution of phenolic compounds to the total antioxidant pool should be larger in C. concinna than in S. superba.
annual mean air temperature of 22.8°C and annual mean rainfall of 1736 mm. The culture medium was a clay loam soil mixed with peat soil in a 3:1 (v/v) ratio. After the transplanted plants had recovered in favorable growth conditions, the plants were randomly divided into two groups: one grown under 100% full sunlight (FL) and one under two layers of black nylon shading net reducing the light to 30% of full sunlight (low light, LL). Each group contained 10 plants per species. The relative light intensity (%) in LL was estimated by the integral of irradiance under the shading net on a sunny day versus that in the open site. The plants were watered as required, about once per day in summer and three times per week in the other seasons. From July to August in 2016, young and mature leaves were selected from four to five individuals of each tree species for physiological and transcriptome analysis. The leaf lengths of the FL-exposed young leaves (FY), LL-exposed young leaves (LY), FL-exposed mature leaves (FM) and LL-exposed mature leaves (LM) of S. superba were 6.4 ± 0.2, 7.3 ± 0.4, 9.8 ± 0.5 and 11.3 ± 0.5 cm, respectively, and those of C. concinna were 6.0 ± 0.3, 6.2 ± 0.4, 9.7 ± 0.4 and 9.9 ± 0.8 cm, respectively.
Chlorophyll determination Young and mature leaves were selected from five plants of each species under either FL or LL conditions. For the extraction of chlorophylls and carotenoids, three 10-mm discs were extracted from each selected leaf, ground with liquid nitrogen and immersed in 4 ml of methanol overnight. The extract was shaken well and centrifuged at 8000 × g for 10 min. Chlorophyll and carotenoid concentrations in the extract were spectrophotometrically assessed according to Wellburn (1994) .
Phenolic compound determination
Phenolic compound determination was performed on young and mature leaves of five representative plants for each species under each light condition. To extract anthocyanins, four 10-mm discs per leaf per plant were immersed in 4 ml of methanol:HCl (99:1, v/v) at 4°C in the dark for 24 h. Subsequently, 4 ml chloroform and 1.5 ml deionized water were added to the sample solution to remove the chlorophylls. After blending, the absorbance of the upper layer of solution, which contained the anthocyanins, was measured at 530 nm using methanol:HCl (99:1, v/v) as a blank. Anthocyanins were expressed as cyanidin-3-O-glucoside (SigmaAldrich, St. Louis, Missouri, USA; molar extinction coefficient 1.1 × 10 3 l mol
) equivalents (μM cm -2 area).
For extraction of total flavonoids and phenolics, two 10-mm discs were removed from each selected leaf and immersed in 1.5 ml of 95% methanol at 4°C for up to 24 h. Total flavonoid content was determined by aluminum chloride spectrophotometry with catechin as the standard (Heimler et al. 2005) . Briefly, 0.2 ml of 5% NaNO 2 , 0.3 ml of freshly prepared 10% AlCl 3 , 1 ml of freshly prepared 1 M NaOH, 1.5 ml of deionized water and 0.5 ml of 10-fold diluted flavonoid extract were mixed well. After standing at room temperature for 5 min, the absorbance of the reaction mixture was measured at 510 nm using a mixture made with deionized water instead of sample solution as a blank.
Total content of phenolics was determined by the FolinCiocalteu method with gallic acid as the standard (Ainsworth and Gillespie 2007) . Briefly, 1 ml of 10% Folin-Ciocalteu reagent, 2 ml of 0.7 M Na 2 CO 3 and 0.5 ml of 10-fold diluted phenolic extract were mixed together. After standing for 5 min, the absorbance of the reaction mixture was measured at 760 nm using a mixture made with deionized water instead of sample solution as a blank.
Determination of total antioxidant capacity
Total antioxidants were extracted from the young and mature leaves using the same method as the extraction of total phenolics. Total antioxidant capacity (TAC) in the methanol extract was measured by the DPPH (1,1-diphenyl-2-picrylhydrazyl) test (Nguyen et al. 2010) . Briefly, 3 ml of 100 μM DPPH solution (freshly prepared in 95% methanol) was added to 10 μl of sample. After standing for 5 min, the decrease in absorbance of the reaction mixture at 517 nm was measured against 95% methanol as a blank. Total antioxidant capacity was expressed as μM DPPH-scavenging capacity per unit area. The calibration curve was established with 20-100 μM DPPH.
Gas exchange determination
Gas exchange in the young and mature leaves of both species was measured by using a portable infrared gas analyzer Li-6400 (LI-COR, Inc., Lincoln, NE, USA) in the morning (8:30-12:00 h). A photosynthetic photon flux density (PPFD) of 800 μmol m −2 s −1 was emitted from a red and blue (9:1) LED light source integrated into the LI-6400 leaf measurement chamber. The CO 2 concentration flowing into the leaf chamber was controlled at 400 μmol mol -1
, leaf temperature was maintained at~30°C and humidity was 60-70%. The photosynthetic carbon dioxide (A/C i ) response curve was measured in both species using 10 CO 2 concentration steps (400, 200, 20, 80, 150, 200, 500, 800, 1200 and 1600 μmol mol
−1
). The waiting times were 120-150 s for each CO 2 concentration. Leaves were fully adapted to the PPFD 800 μmol m −2 s −1 for 5 min before the measurement of the A/C i response curve began. During measurement, the device automatically recorded and stored the parameters' net photosynthetic rate (P n ), intercellular CO 2 concentration (C i ), stomatal conductance (g s ) and transpiration rate (T r ). Dark respiration rate (R d ) is equal to the absolute value of P n measured at 0 μmol m −2 s −1 of PPFD, 400 μmol mol −1 of CO 2 and 30°C of leaf temperature. The gross photosynthetic rate (P gross ) at PPFD 800 μmol m −2 s −1 was calculated as P gross = P n + R d .
Chlorophyll fluorescence determination
The chlorophyll fluorescence yield at steady state in the leaves on which gas exchange had been measured was determined at 30°C
and 400 μmol mol -1 CO 2 by using a portable pulse-modulated fluor- Baker 2008) . The electron transfer rate (ETR) was calculated as ETR = Φ PSII × PPFD × 0.85 × 0.5, where the coefficient 0.85 was the assumed average leaf absorbance and the coefficient 0.5 was the assumed proportion of absorbed photon allocated to PSII or PSI (Krall and Edwards 1992) . The non-photochemical quenching (NPQ) was calculated as follows NPQ = (F m /F m ′)−1 (Bilger and Björkman 1990) .
Rubisco estimation
Rubisco large chain protein abundance was determined by SDS-PAGE as previously described by Zhang et al. (2016) . Total protein was extracted from six 9-mm leaf discs by homogenization with 0.8 ml of 60 mM Tris-HCl (pH 7.8) buffer containing 0.1% (w/v) NaCl, 2% (v/v) glycerol and 5% (w/v) polyvinylpyrrolidone (PVP). After centrifugation at 12,000 × g and 4°C for 15 min, total protein content in the supernatant was determined by the Bradford (1976) method, and bovine serum albumin (BSA) was used the standard. Then, 0.1 ml supernatant was mixed with an equal volume of protein-loading buffer, incubated at 100°C for 5 min and stored at 4°C for SDS-PAGE analysis. After SDS-PAGE, the Rubisco large chain was easily recognized by its molecular weight and abundance (see Figure S1 available as Supplementary Data at Tree Physiology Online). The relative quantities of the Rubisco large chain and standard BSA bands were analyzed by using TotalLab Quant software (TotalLab, Newcastle upon Tyne, UK). The Rubisco large chain content in a given leaf area was estimated through a calibration curve constructed by BSA (20-500 μg ml
).
RNA-seq analysis
Three independent RNA-seq experiments were conducted to collect plant material for transcriptome analysis, with each corresponding to one biological replicate. The samples consisted of young and mature leaves of two species grown under contrasting light conditions. Young and mature leaves were removed from both species, directly frozen in liquid nitrogen and stored at −80°C. Extraction of total RNA from the leaves of S. superba and C. concinna was performed using a Spin Column Plant total RNA Purification Kit (Sangon, Shanghai, China) and HiPure Total RNA Mini Kit (Magen, Shanghai, China), respectively, according to the manufacturer's protocols. A total of 24 RNA samples packed in dry ice were delivered to BGI Shenzhen for cDNA library preparation according to the Illumina mRNA-Seq manual. Highthroughput sequencing was performed on an Illumina HiSeq 4000 sequencer. RNA sequencing data are available in the Gene Expression Omnibus (GEO) database (https://www.ncbi. nlm.nih.gov/geo/info/linking.html) under accession number GSE104004.
De novo transcriptome assembly and annotation
The sequence data (from 2 leaves × 3 individuals × 2 light conditions) for each species were combined, used for de novo assembly into transcripts with Trinity (version: 2.0.6) (Grabherr et al. 2011) and clustered into unigenes with TIGR Gene Indices clustering tools (Tgicl, version: 2.0.6). These assembly processes yielded 61,618 unigenes for S. superba with a total length of 54 million bp, an average length of 891 bp, an N50 length of 1520 bp and 43.09% GC content and 64,413 unigenes for C. concinna, with a total length of 57 million bp, an average length of 881 bp, an N50 length of 1510 bp and 43.93% GC content (see Table S1 available as Supplementary Data at Tree Physiology Online). Unigenes were annotated by aligning to the functional databases Nonredundant nucleotide (Nt), Nonredundant protein (Nr), Swiss-Prot, Kyoto Encyclopedia of Genes and Genomes (KEGG) and Cluster of Orthologous Groups of proteins (COG) with Blast (version: 2.2.23); to Gene Ontology (GO) with Blast2GO (version: 2.5.0) and to InterPro with InterProScan 5 (version: 5.11-51.0). As a result, 46,298 and 42,807 unigenes were annotated for S. superba and C. concinna, respectively, accounting for 75.14% and 66.46% of the total (see Table S2 available as Supplementary Data at Tree Physiology Online).
Differential expression analysis
The sequence reads for each sample were mapped to the unigenes of the corresponding species using Bowtie2 (version: 2.2.5) (Langmead and Salzberg 2012) . Normalized gene expression levels were calculated using RSEM (version: 1.2.12) with default parameters (Li and Dewey 2011) and are reported as fragments per transcript kilobase per million fragments mapped (FPKM) (Mortazavi et al. 2008) . Principal component analysis (PCA) of the log2 FPKM values among the RNA-seq libraries of each species was performed using SPSS (version: 18) (see Figure S2 available as Supplementary Data at Tree Physiology Online). A large separation between young and mature leaves was observed for both species. A slight separation was also observed for leaves under different light conditions. A hierarchical clustering analysis was performed using Cluster 3.0 (see Figure  S2 available as Supplementary Data at Tree Physiology Online). Log 2 ratios were used to measure relative changes in expression level (average of three replicates) in FY, LY or LM versus FM leaves for each species. We screened for the differential expression of genes under the condition of log 2 fold changes >2 or <−2. A total of 3896, 3488 and 266 genes were differentially expressed in Eight genes were selected to validate the differential expression found in RNA-seq by quantitative real-time RT-PCR (qRT-PCR) with the primers shown in Table S3 available as Supplementary Data at Tree Physiology Online. The qRT-PCR was performed as previously described ). The EF1A and actin genes were selected as the reference genes for S. superba and C. concinna, respectively. The relative expression levels of the selected target genes were calculated with the 2 −ΔΔCT method (Livak and Schmittgen 2001) .
Statistical analyses
All measurements (except RNA-seq) were performed on five plants (i.e., five biological replicates). Data were log-transformed to satisfy the ANOVA assumptions of normality and homogeneity of variances. One-way ANOVA was executed in SPSS version 18.0 (SPSS Inc., Chicago, IL, USA). Tukey's test was carried out to determine whether significant (P < 0.05) differences existed in diversity indices. All values are presented as the means and SE.
Results

Functional traits of the young and mature leaves
The young leaves of S. superba grown under FL manifested a distinct phenotype from those grown under LL, with redness under FL and light green color under LL, whereas the young leaves of C. concinna were red under both FL and LL (Figure 1 ). Chlorophyll (Chl) a, b, and a + b and Rubisco large chain (RL) content were lower in the young leaves than in the mature leaves in both species, coinciding with the reduced photosynthetic efficiency (Table 1) . Low light (LL) conditions facilitated the accumulation of Chl in the young leaves of S. superba but had less impact on those of C. concinna. Considering that the Chl a:b ratio is a characteristic related to acclimation to a low-light environment (Lichtenthaler et al. 2007) , the lower Chl a:b in the young and mature leaves under LL than in the corresponding leaves under FL showed that both species were physiologically acclimated to the low-light conditions. The reduced Chl and Rubisco levels limited the effective photochemical yield of PSII (Φ PSII ) and gross photosynthetic rate (P gross ) in young leaves of both species (Table 1 ; see Figure S1 available as Supplementary Data at Tree Physiology Online). In the FL and LL conditions, the young and mature leaves of S. superba had higher Φ PSII and P gross values than did the young and mature leaves, respectively, of C. concinna, indicating the greater photosynthetic efficiency of S. superba and consistent with previous results for mature leaves (Zhang et al. 2015 . Compared with the mature leaves, the young leaves of both species had higher ratios of Chl:RL and electron transport rate: gross photosynthesis (ETR:P gross ) and lower maximal photochemical yield (F v :F m ) ( Table 1 ). These findings indicate that the assembly of the photosynthetic apparatus was not optimized for the utilization of absorbed photons in young leaves. Therefore, the young leaves had a higher requirement for protection against photooxidative damage than did the mature ones. Differences in photoprotective strategies in young leaves were observed between S. superba and C. concinna. The contents of carotenoids (Car), which are important photoprotectants, were comparable between the young and mature leaves of S. superba under the same light conditions. In contrast, Car content was much lower in the young leaves than in the mature leaves of C. concinna. Nevertheless, the young leaves of both species had a higher Car: Chl ratio than the mature leaves did. Consistent with the trend in Car:Chl, NPQ was significantly higher in the young leaves than in the mature leaves of S. superba under both light conditions. However, in C. concinna, NPQ in the young leaves under FL and LL was lower than and comparable, respectively, to its corresponding levels in the mature leaves. This finding indicates that the NPQ utilization level of young leaves was lower in C. concinna than in S. superba. A higher ETR:P gross ratio was observed in the red (anthocyaninic) leaves than in the green leaves in both species, which indicated that red leaves were at a higher risk of oxidative damage. The findings suggest that anthocyanins might be used as compensatory photoprotectants in the young leaves of S. superba under FL and in those of C. concinna under FL and LL. The ETR: P gross ratio of red leaves was greater than 23, whereas that of green leaves was less than 21 (Table 1 and Figure 1 ). It is likely that ETR:P gross = 22 is a threshold value for the induction of anthocyanins in the leaves of the two species.
Transcriptome analysis of DEGs
Gene expression levels were quantified by RNA-seq analysis in the young and mature leaves of S. superba and C. concinna grown under FL and LL. Differentially expressed genes were identified under the condition of log 2 fold changes >2 or <−2. We found that in the leaves of S. superba, the expression levels of 3896, 3488 and 266 genes were changed in FY, LY and LM leaves, respectively, relative to their expression levels in FM leaves. Furthermore, in the leaves of C. concinna, the expression levels of 2097, 2047 and 211 genes were changed in FY, LY and LM leaves, respectively, relative to their expression levels in FM leaves (see Figure S3 available as Supplementary Data at Tree Physiology Online). The DEG sets of FY versus FM leaves and LY versus FM leaves for these two species were highly enriched in several KEGG pathways, including 'Biosynthesis of secondary metabolites', 'Phenylpropanoid biosynthesis' and 'Metabolic pathways' (Tables 2 and 3 ; see Figure S5 available as Supplementary Data at Tree Physiology Online). Under either FL or LL, the young leaves of these two species shared the pathways associated with secondary phenolic metabolites, suggesting that the biosynthesis of phenolic compounds was active in the developing leaves of both tree species. Differentially expressed genes between LM and FM leaves of S. superba were mapped to metabolic pathways including sesquiterpenoid and triterpenoid biosynthesis, isoflavonoid biosynthesis, flavonoid biosynthesis and biosynthesis of secondary metabolites, also indicating that the metabolism of secondary phenolic metabolites was altered in the mature leaves of S. superba under low light. In contrast, DEGs between LM and FM leaves of C. concinna were mapped to metabolic pathways such as protein processing in endoplasmic reticulum, regulation of autophagy, phenylpropanoid biosynthesis and phagosome, suggesting that the metabolism of secondary phenolic metabolites in the mature leaves of C. concinna mature leaves was less affected by light conditions than that in the mature leaves of S. superba.
Photosynthesis-related traits and gene expression
Photosynthetic ETR was lower in the young leaves than in the mature leaves of the two species (Figure 2a and b) . Electron transfer rates in the young and mature leaves of C. concinna were lower than their corresponding levels in S. superba. Compared with the ETR level under FL, no reduction in ETR was found in the young or mature leaves of C. concinna under LL, but a reduction in ETR was observed in both the young and mature leaves in S. superba. The log 2 fold changes of the ETR-associated genes in various leaves were analyzed for both species. The genes related to photosystem II, photosystem I, cytochrome b6/f complex, electron transport carrier and ATP synthase were generally downregulated in FY and LY relative to FM leaves of S. superba and in FY versus FM leaves of C. concinna (Figure 2c ). In contrast, the number of downregulated genes was obviously reduced in LM relative to FM leaves of S. superba and in FY relative to FM leaves of C. concinna, and almost no DEGs were observed between LM and FM leaves of C. concinna. The downregulation of PsbA (the gene encoding D1 protein) was confirmed by qPCR in the young leaves of the two species (see Figure S6 available as Supplementary Data at Tree Physiology Online). These gene expression profiles were correlated with ETR with respect to either the number of differentially expressed genes or the fold change level.
Gas exchange analysis showed that the variation of net photosynthetic capacity (P n ) under saturated CO 2 concentrations and carboxylation efficiency (CE) in the various leaves of these two species was consistent with the ETR in the corresponding leaves (Figure 3a-d) . However, dark respiration (R d ) in young versus mature leaves showed a reverse trend to that of ETR and CE (Figures 2a and b and 3e and f) . In addition, R d in the young and mature leaves of S. superba was greater than that in the corresponding leaves of C. concinna. Using RNA-seq, we examined the log 2 fold changes in eight genes (rbcL, PGK, GAPDH, FBP, TKTB, SBP, RPK and PRK) involved in the Calvin cycle in FY, LY and LM relative to FM (Figure 3g) . All of these genes except GAPDH were downregulated in FY and LY in both species. This downregulation is consistent with the lower CE in young leaves than in mature ones. The upregulation of GAPDH in young leaves likely occurred because, in addition to being involved in the Calvin cycle, the GAPDH enzyme encoded by GAPDH gene is involved in glycolysis and gluconeogenesis (Suss et al. 1993 , Plaxton 1996 . Glycolysis was more active in young leaves than in mature leaves, as indicated by R d . In both species, only rbcL (the gene encoding RL) among the Calvin cycle genes was observed to be downregulated in LM relative to FM (Figure 3g ; and see Figure S6 available as Supplementary Data at Tree Physiology Online). This finding suggests that Rubisco was important in affecting photosynthetic efficiency under LL in the mature leaves of the two species.
Accumulation of phenolics and related gene expression
In both species, the red leaves of the two trees accumulated greater amounts of anthocyanins than did the green leaves (Figure 4a and b), which is in accordance with ETR:P gross (Table 1) . Relative to total flavonoid or phenolic content, the anthocyanin concentration was two orders of magnitude lower in the red leaves (Figure 4a-f) , suggesting that the contribution of anthocyanins to the antioxidant pool is low. Moreover, anthocyanin concentration was not consistent with TAC in either species (Figure 4g and h ). This result supports the argument that anthocyanins mediate photoprotection by acting as light attenuators rather than as antioxidants (Zhang et al. 2010 , Zhu et al. 2017 ). In S. superba, total flavonoid content was Table 2 . Top 10 enrichment KEGG pathways of DEGs in full-light-acclimated young (FL) leaves, low-light-acclimated young (LY) leaves and low-lightacclimated mature (LM) leaves relative to full-light-acclimated mature (FM) leaves of Schima superba. reduced in the young leaves compared with the level in mature leaves; this trend was opposite to that observed for TAC. In C. concinna, total flavonoid content was higher in the young leaves than in the mature leaves and was positively correlated with TAC ( Figure 5a ). This result indicated that total flavonoids had an important contribution to the antioxidant pool in C. concinna. Total phenolic content was higher in young leaves than in mature leaves of both species under the same light condition and was positively correlated with TAC ( Figure 5b ). Total flavonoid content, flavonoid phenolic content and TAC expressed as ratios of Chl were all significantly higher in red leaves than in green leaves (Figure 5c -e).
Compared with the leaves of S. superba, the leaves of C. concinna had significantly higher flavonoids:Chl ratios, and except for the high-light-acclimated young leaves, all of the leaves of C. concinna had significantly higher phenolics:Chl and TAC:Chl ratios. The expression patterns of flavonoid biosynthetic pathway genes (CHS, CHI, F3H, DFR, ANS and UFGT) and isoflavonoid branch pathway genes (HIDH, 7-IOMT and HI4OMT) were analyzed based on the RNA-seq data (Figure 4i ). Among these genes, CHS, DFR, ANS and UFGT were validated by qPCR (see Figure S6e -i available as Supplementary Data at Tree Physiology Online). The gene expression patterns revealed by qPCR were largely consistent with those obtained from the RNA-seq data. The expression of most flavonoid pathway genes dramatically increased in young leaves relative to mature leaves in both species. Among these flavonoid pathway genes, UFGT was the only gene with an expression pattern exactly consistent with the anthocyanin pigment pattern in the various leaves of these two species (Figure 4i ). This result indicates that the upregulation of UFGT is a necessary and sufficient condition for leaf redness in the two species. The isoflavonoid biosynthesis is a branch of flavonoid biosynthesis and the genes (HIDH, 7-IOMT and HI4OMT) for isoflavonoid biosynthesis were strongly upregulated in the young leaves of S. superba but showed no change in expression in the young leaves of C. concinna. Tree Physiology Online at http://www.treephys.oxfordjournals.org
Discussion
Characteristics of phenolic compounds accumulated in S. superba and C. concinna
Phenolic compounds accumulated in a development-dependent and light-dependent manner in the leaves of S. superba and C. concinna (Figure 4a-h ). Under high-light and at stages at which the photosynthetic apparatus is immature, leaves are expected to enhance their photoprotection to avoid oxidative damage. Since phenolic compounds can act as photoprotectants, their accumulation patterns in the two species are consistent with the proposed roles of phenolic compounds in photoprotection (Agati and Tattini 2010, Takahashi and Badger 2011) . However, the accumulation patterns of flavonoids and anthocyanins differed between the two species. Total flavonoid content was positively correlated with TAC in the various leaves of C. concinna under the two light conditions but was uncorrelated with TAC in S. superba. These results indicated that the contribution of flavonoids' contribution to the total antioxidant pool was greater in C. concinna than in S. superba. Moreover, anthocyanins accumulated in the young leaves of both species under FL, whereas under LL, they accumulated in young leaves only in C. concinna. This finding suggests that flavonoids protect C. concinna young leaves over a wider range of light intensities than they do in S. superba. Flavonoids are considered the largest group of plant phenolics (King and Young 1999) . However, total flavonoid content was not consistent with total phenolic content in the two species. It is possible that the Folin-Ciocalteu reagent, which was used to measure total phenolic content, is not sufficiently specific (Everette et al. 2010 ). The Folin-Ciocalteu assay is thought to reflect TAC more accurately than it does total phenolic level; this can explain why total phenolic content was highly correlated with TAC in both species (Figure 5b) . Anthocyanins occupied only a very small part of the total flavonoid content in red leaves. As pigmented phenolic compounds, they might play different roles than those of nonpigmented phenolic compounds. Observations in another subtropical forest tree, Acmena acuminatissima, led to the same conclusion (Zhu et al. 2017) . It is likely that leaves do not use anthocyanins as antioxidants, as this role can be played by other, more abundant, phenolic compounds. Rather, the accumulation of anthocyanins likely occurs to shield the photosynthetic apparatus from excess light energy. Direct evidence that anthocyanins protect the photosynthetic apparatus by screening against visible light has been reaction center D1 protein; PsbC, photosystem II CP43 chlorophyll apoprotein; PsbB, photosystem II CP47 chlorophyll apoprotein; PsbE, photosystem II cytochrome b559 subunit alpha; PsbP, photosystem II oxygen-evolving enhancer (OCE) protein 2; PsaA, photosystem I P700 chlorophyll a apoprotein A1; PsaD, photosystem I subunit II; PetF, ferredoxin (Fd); PetH, ferredoxin-NADP + reductase (FNR). The protein beta (β), gamma (γ), delta (δ), a and b are subunits of F-type H + -transporting ATPase. Different letters above bars indicate significant differences (P < 0.05).
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obtained from the crop plant Begonia semperflorens (Zhang et al. 2010) , the evergreen herb Galax urceolata (Hughes et al. 2005) and the evergreen tree Castanopsis fissa . Moreover, anthocyanins were primarily distributed in the superficial cell layers of the young leaves of the two species, consistent with the light-screening hypothesis ( Figure 6 ). In addition to having higher amounts of anthocyanins (Figure 4a and b) , the red leaves exhibited higher ratios of ETR:P gross (Table 1) , flavonoids:Chl, phenolics:Chl and TAC: Chl (Figure 5c-e) . These results indicate that both pigmented and nonpigmented phenolic compounds might be regulated through the photosynthetic perormance ETR:P gross , consistent with the previous suggestion that the redox status in the photosynthetic electron transport chain is involved in regulating anthocyanin biosynthesis genes (Das et al. 2011) . Based on this conclusion and the expression levels of the genes involved in the flavonoid pathway, we propose the photosynthetic performance-controlled biosynthesis of anthocyanins and nonpigmented phenolic compounds in the leaves of subtropical tree species (Figure 6 ). The reduced utilization of photosynthetic electrons in the photosynthetic apparatus can result in redox imbalance in chloroplasts. To avoid photooxidative damage, leaves must enhance their capacity to mitigate redox imbalance. It is well established that redox imbalance can generate a plastid signal to activate the expression of nuclear genes (Kreslavski et al. 2012) . By examining the Arabidopsis plastid-signaling mutant gun1, Cottage et al. (2010) directly confirmed that the plastid signal regulates anthocyanin biosynthesis. A complex interplay exists between plastid-signaling pathways and plant hormones, including abscisic acid (ABA), jasmonic acid (JA) and ethylene, and signaling molecule sucrose during the activation of anthocyanin biosynthesis (Cottage et al. 2010 , Das et al. 2011 , and several transcription factors (e.g., MYB, bHLH, WD40 and WRKY) are involved in this process (Patra et al. 2013 , Zhao et al. 2013 . After sensing plastid signals, multiple enzyme genes become involved in promoting phenolic biosynthesis. The observed increase in nonpigmented phenolics in young leaves in the present study functioned to enhance the mitigation of redox imbalance. For anthocyanins, UFGT might be a key target of the plastid signal to activate their biosynthesis at the downstream of flavonoid pathway. As mentioned previously, it is likely that the major function of anthocyanins is to screen against visible radiation. In the flavonoid pathway, the UFGT gene encodes UDP-glucose:flavonoid 3-O-glucosyltransferase (UFGT), which catalyzes the combination of anthocyanidin and UDP-glucose into The maximum value of fold change in gene expression within a gene family is given for each species. Abbreviations: FY, young leaves under full light; LY, young leaves under low light; FY, mature leaves under full light; LM, mature leaves under low light; P n , net CO 2 assimilation rate; rbcL, ribulose-bisphosphate carboxylase large chain; PGK, phosphoglycerate kinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; FBP, fructose-1,6-bisphosphatase; TKTB, transketolase B; SPB, sedoheptulose-1,7-bisphosphatase; RPK, ribose 5-phosphate kinase; PRK, phosphoribulokinase.
Tree Physiology Online at http://www.treephys.oxfordjournals.org stable and water-soluble anthocyanins (Yoshihara et al. 2005) . The expression pattern of UFGT in the two tree species in this study is consistent with previous studies showing that increased UFGT expression is essential for coloration in the fruits of Vitis vinifera (Kobayashi et al. 2001) and Litchi chinensis (Zhao et al. 2012 ) and pigmentation in the root, stem and leaf of purple potato (Hu et al. 2011) .
Different combinations of photoprotective mechanisms employed by the two species
Schima superba and C. concinna represent a light-demanding early-successional species and a shade-tolerant late-successional species, respectively, in subtropical forests (Peng and Wang 1994) . The two species exhibited different photosynthetic efficiency in both young and mature leaves and under either FL or LL. Species-specific photosynthetic efficiency might affect the photoprotective mechanisms employed each species' leaves. Different combinations of photoprotective mechanisms were observed between the two species, especially in the young leaves. Phenolic compounds and NPQ are two important photoprotective mechanisms in photosynthetic tissues: the former serve as photoprotectants (Bonina et al. 2002, Agati and Tattini 2010) , whereas the latter dissipates the excess excitation energy in the photosynthetic apparatus via the chlorophyll antenna complex (Müller et al. 2001) . Compared with the mature leaves, the young leaves exhibited both high phenolic contents and high NPQ levels in S. superba, whereas in C. concinna, the young leaves showed high phenolic contents alone. This result suggests that the contribution of phenolic compounds to protection against photooxidative damage was larger in C. concinna than in S. superba.
Different combinations of photoprotective mechanisms can achieve the same protective effects in different photosynthetic tissues exposed to intense light (Logan et al. 2015) . In the present Figure 4 . Contents of anthocyanins (a, b), flavonoids (c, d) and phenolics (e, f); total antioxidant capacity (TAC) (g, h) and fold change in the expression of the flavonoid pathway genes (i) in the leaves of Schima superba and Cryptocarya concinna grown in full light and low light. The maximum value of fold change in the gene expression within a gene family is given for each species. Different letters above bars indicate significant differences (P < 0.05). Abbreviations: FY, young leaves under full light; LY, young leaves under low light; FY, mature leaves under full light; LM, mature leaves under low light; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-dioxygenase; DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin synthase; UFGT, UDP-glucose: anthocyanidin 3-O-glucosyltransferase; HIDH, 2-hydroxyisoflavanone dehydratase; 7-IOMT, isoflavone 7-O-methyltransferase; HI4OMT, isoflavone 4′-O-methyltransferase. study, why did the combination of photoprotective mechanisms differ between the two species? Non-photochemical quenching is modulated by the trans-thylakoid proton gradient (ΔpH) (Gilmore 1997) and involves the formation of a quenching complex that contains Chl and Car (Leonelli et al. 2016) . The creation of a large ΔpH requires an efficient photosynthetic apparatus, and it is clear that the young leaves of C. concinna did not meet this condition. Thus, the significantly lower NPQ in the young leaves of C. concinna than in those of S. superba may be due to the reduced Chl and Car contents and the inefficient photosynthetic apparatus (Table 1 ). In contrast, S. superba, which had a greater photosynthetic capacity, can afford to allocate resources to rapidly assemble the quenching complex for NPQ. This condition is reflected by the larger carotenoid pool in the young leaves in this species than in the leaves of C. concinna (Table 1 ). In addition, because of its reduced photosynthetic capacity, C. concinna might have a different tradeoff between growth and photoprotective functions. As phenolic compounds have multiple functions in plant vegetative tissues, employing them as a dominant photoprotective tool in young leaves may be more economical for C. concinna than for S. superba. In addition to functioning as antioxidants, phenolics are involved in defense against insect herbivory in young leaves (Izaguirre et al. 2007 ). Reduced insect attack of the young leaves of woody plants has been found to be associated with a higher phenolic concentration (Karageorgou and Manetas 2006) . Thus, even if the young leaves of C. concinna can use NPQ as a major photoprotective tool, they still need to accumulate phenolic compounds for defense against insect herbivory. The different combinations of photoprotective mechanisms between the two species correspond to the respective photosynthetic performance and reflect the optimization of photoprotective functions from early-to late-successional species in a subtropical forest. Tree Physiology Online at http://www.treephys.oxfordjournals.org
The implications of DEGs among various leaves of the two species for light adaptation RNA-seq showed that the expression patterns of flavonoid biosynthesis-related genes were opposite to those of photosynthesisrelated genes in the young leaves of the two species (Figures 2-4) . This finding is inconsistent with the expression trends of relevant genes in the leaves of the herbaceous plant maize during development (Li et al. 2010) . Compared with the growth and leaf development of woody plants, those of herbaceous plants are generally faster (Massad 2013) ; thus, herbaceous plants might require less photoprotection offered by phenolic compounds than do woody plants.
In both S. superba and C. concinna, young leaves had lower Chl contents, ETR levels and photosynthetic efficiency than did mature leaves, demonstrating that the photosynthetic apparatus was immature in young leaves (Table 1; Figures 2 and 3) . As leaf development proceeds and the photosynthetic apparatus gradually matures, the expression of photosynthesis-related genes is expected to decrease. Zoschke et al. (2007) showed that several photosynthesis-associated genes had lower transcriptional activity in old leaves than in young leaves in Arabidopsis. In contrast, the expression levels of the genes related to photosynthetic phosphorylation and the Calvin cycle were generally higher in the mature leaves than in the young leaves in both species (Figures 2c and 3g) . A potential reason for this result might be the subjection of the mature leaves to extensive photosynthetic maintenance under high light. If so, it suggests that, based on the gene expression levels, the photosynthetic maintenance costs of the mature leaves were greater than the photosynthetic development and maintenance costs of the young leaves.
The changes in expression levels of the genes related to photosynthesis (Figure 2c ) suggest that photosystem development in acclimation to contrasting light was more flexible in C. concinna than in S. superba. The number of downregulated genes (relative to FM) for photosynthetic phosphorylation in C. concinna was much lower in LY than in FY leaves, suggesting that low light facilitated the rapid assembly of the photosynthetic apparatus in the young leaves of C. concinna. This result is consistent with ETR being higher in young leaves under LL than under FL, although this difference was not statistically significant ( Figure 2b) . Thus, C. concinna might increase (reduce) photochemistry efficiency in the young leaves under LL (FL) by fine-tuning the development of photosystems at the transcriptional level. This would enable the young leaves of C. concinna to enhance the efficiency of light energy conversion under LL or to reduce the absorbance of excess light energy under FL. Such fine-tuning was not observed in S. superba, possibly because the photochemistry efficiency was sufficiently high under LL in this species and because the photoprotective mechanisms (especially NPQ) were sufficiently powerful to cope with the excess light energy absorbed under FL in S. superba. For mature leaves, reduced light had little effect on the expression of genes related to photosynthetic phosphorylation in C. concinna, whereas it did lead to lower expression levels of several related genes (e.g., PsbA, PsbB, PsbE and PsaA) in S. superba, implying that C. concinna required less photosynthetic maintenance than did S. superba under FL. This interpretation is consistent with the conservative resource-utilization hypothesis for shadetolerant species (Valladares and Niinemets 2008) .
Conclusions
Insufficient photosynthetic electron demand might be involved in the induction of anthocyanins in young leaves and the accumulation of nonpigmented phenolic compounds in various leaves of two species of different successional stages of a subtropical forest. Although C. concinna is characterized by a photosynthetic performance that enhances tolerance to a shady habitat, the transcription regulation pattern of phenolic Figure 6 . Schematic diagram of photosynthetic performance-controlled biosynthesis of anthocyanins and nonpigmented phenolic compounds in the leaves of Schima superba and Cryptocarya concinna. A relatively reduced utilization of photosynthetic electrons in the photosynthetic apparatus results in redox imbalance in chloroplasts. Redox imbalance generates a plastid signal to activate the expression of nuclear genes for the biosynthesis pathways of anthocyanins and nonpigmented phenolic compounds, and multiple transcription factors (e.g., MYB, bHLH, WD40 and WRKY) might be involved in this process (Patra et al. 2013 , Zhao et al. 2013 . After sensing the plastid signal, multiple enzyme genes are involved in promoting phenolic biosynthesis. The increase in nonpigmented phenolics in the young leaves facilitates the mitigation of redox imbalance. For anthocyanins, UFGT might be a key target of the plastid signal to activate their biosynthesis in the downstream of flavonoid pathway. It is likely that the major function of anthocyanins is to screen against visible radiation, as they were primarily distributed in the superficial cell layers in young leaves (see upper panel: transverse section of the young leaves). metabolism in its young leaves is similar to that in S. superba. However, as a late-successional species, C. concinna is able to efficiently use flavonoids as photoprotective agents over a wide range of light intensities. These findings might reflect the optimization of photoprotective function along a gradient of plant succession in subtropical forests.
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